Introduction {#sec1}
============

Glioblastoma multiform (GBM) is one of the most lethal malignant tumors of the central nervous system in adults, characterized by rapid diffusion, infiltrating growth and cytological heterogeneity in a huge high level.[@bib1] Current standard treatment across the globe for GBM includes surgical resection, followed by simultaneous radiotherapy and adjuvant chemotherapy.[@bib2] However, the median survival time with optimal treatment is only about 14 months, while the 5-year survival rate is close to or below 5%.[@bib3] Temozolomide (TMZ) is the most commonly used alkylating agent for treating GBM. Unfortunately, GBM often exhibits resistance to TMZ, which is one of the most reasons for GBM recurrence.[@bib2] Growing evidence have notarized the existence of a subpopulation of tumor cells with stem-like properties, known as glioblastoma stem-like cells (GSCs),[@bib4], [@bib5] which possess ability of self-renewal, multipotential differentiation and maintained proliferation. There is compelling evidence showing that GSCs can survive the traditional radio- or chemotherapy, responsible for the tumor-progression, treatment-resistant and tumor recurrence.[@bib6], [@bib7], [@bib8] Therefore, targeting GSCs would be a promising approach for treating glioblastoma. However, the underlying molecular mechanism of chemoresistance of GSCs is not completely understood.

Bone morphogenetic proteins (BMPs) are a family of evolutionarily conserved growth factors and morphogens most of which belong to the Transforming Growth Factor β (TGF-β) superfamily. Many studies have revealed that BMPs not only regulate bone and cartilage, but exert a wide variety of biological processes in development and cancers.[@bib9] To date, more than 20 kinds of BMP ligands have been identified in humans. Based on the homology of amino acid sequences, BMPs are classified into three groups. The first subgroup contains BMP-2 and BMP-4; the second group is consisted of BMP- 5, BMP-6, BMP-7 and BMP-8; while BMP-9 and BMP-10 comprise the third osteogenic group.[@bib10] The rough backbone of the canonical BMP signaling pathways has been well illustrated.[@bib11], [@bib12] Briefly, BMP ligands bind to membranal serin-threonine kinase receptors (type I and type II) to form a heterotetrameric complex, which then binds to and phosphorylates the receptor-activated SMADs (R-SMADs). Next, activated R-SMADs bind to the common SMAD (Co-SMAD) to form a complex, which then translocates to the nucleus to drive the target genes expression together with other transcription factors.[@bib13] BMP signaling is tightly regulated at different levels, by both extracellular antagonists and intracellular modulators such as the inhibitory SMAD (I-SMAD), which acts in a negative feedback loop in response to active BMP signaling. It has been well known that BMPs play important roles in GBM progress and clearly linked to tumor malignancy.[@bib14] Expression of the BMP type IB receptor and the ligand BMP2 are both higher expressed in GBM than in low-grade gliomas.[@bib15], [@bib16] The expression level of BMP2 is also related to tumor malignancy and GBM patient survival, therefore being considered as a prognostic marker for human glioma.[@bib17], [@bib18] In addition, BMP4 and analogously BMP2 treatments have been found to reduce GSC cell proliferation and be strong inducers of astroglial differentiation in GSC cells both *in vitro* and *in vivo*.[@bib19], [@bib20] BMP2 has also been reported to render GSCs more susceptible to TMZ treatment through destabilization of HIF-1.[@bib17], [@bib21] Differentiation-inducing properties of BMPs make them promising candidates for GSC-targeting GBM therapy. However, GSCs have evolved mechanisms to evade BMP induced differentiation by expressing the extracellular antagonist Gremlin 1 (GREM1).[@bib22] Further investigation of intracellular molecular mechanisms should improve outcomes towards BMP induced differentiation therapy.

microRNAs (miRNAs) are highly conserved, small non-coding RNAs with 18--25 nucleotides in length found in most eukaryotes. Typically, miRNAs function as critical regulators of posttranscriptional gene expression by binding to the 3′-untranslated region (3′-UTR) of specific mRNAs, leading to translational repression or mRNA degradation.[@bib23] It\'s well known that miRNAs play widespread and critical roles in a variety of cellular processes including proliferation, differentiation, apoptosis, development, and tumor progression by regulating the expression of up to 70% of human genes.[@bib24] Many miRNAs have been identified functionally deregulated in GBM.[@bib25] For example, miR-21, a well studied miRNA, which is significantly highly expressed in GBM, contributes to the malignant phenotype and chemo- and radiotherapy by acting as an "oncomirs".[@bib26] Distinct patterns of miRNA expression have been also observed in GBM compared with gliomas of lower grades,[@bib27] so are in glioblastoma stem-like cells,[@bib28], [@bib29] revealing their great potential to be biomarkers and therapeutic targets for GBM. However, miRNA profile is still far more being well-defined. Extensive investigation of miRNA signature in GSCs related to GBM microenvironment signals could be critical to discover an efficient therapeutic strategy.

The overall aim of this study is to identify miRNA signature which plays critical roles in the process of BMP2 effecting the chemosensitivity of TMZ in U87S cells. We built a GSC cell model called U87S, in which IC50 of TMZ was assessed and BMP signaling was confirmed to be active. Further BMP2 was demonstrated to sensitize U87S to TMZ. Next, we performed RNA sequencing with U87S cells treated with BMP2, TMZ or combined BMP2 and TMZ respectively. Differential expression profile of miRNAs was identified. Bioinformatics analysis was conducted to reveal the important roles of these DE miRNAs in gliomagenesis. Eight miRNAs were validated by RT-PCR. GO and KEGG analysis revealed that the putative targets of these eight miRNAs were enriched in biologic regulation and PI3K-Akt pathway. One of these miRNAs, *hsa-miR-199a-3p*, was found differentially expressed in mesenchymal (M) subtype of GBM and was associated with survival outcome of patients. GO and KEGG analysis revealed that targets of *hsa-miR-199a-3p* were primarily enriched in biologic regulation and Rap1 pathway. Further, we evaluated the *hsa-miR-199a-3p* expression in cells with different differentiated levels, and found that it's differentially expressed in U87S cells. Function study showed that *hsa-miR-199a-3p* can inhibit U87S cell viability and enhance TMZ-mediated cell death. And the BMP activation can boost the functions of *hsa-miR-199a-3p* on cell viability and TMZ-induced cell death. Furthermore, Five targets of *hsa-miR-199a-3p* were validated by RT-PCR. One of them, SLC22A18, was highly expressed in GBM tumors by TCGA data, and associated with the survival outcome of patients. Furthermore, a *hsa-miR-199a-3p-*mediated ceRNA network was constructed. Together, our data may lead to finding out miRNA-based target therapies that specially target GSCs and improve outcomes towards BMP induced differentiation therapy for GBM.

Materials and methods {#sec2}
=====================

Cell culture and treatment {#sec2.1}
--------------------------

Glioblastoma cell line U87MG and astrocyte cell line HA were obtained from the Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences (Beijing, China) and cultured in DMEM (Gibico, USA) supplemented with 10% fetal bovine serum (FBS) (Evergreen, China), 100 U/ml penicillin, and 100ug/ml streptomycin (Beyotime Shanghai). Glioblastoma stem-like cell line, U87S, was cultured in F-12/DMEM (Gibico, USA) with 20 ng/ml epidermal growth factor (EGF) (Gibico, USA), 20 ng/ml basic fibroblast growth factor (bFGF) (Gibico, USA), and 2% B-27 Supplement (50X) (Gibico, USA) at 37 °C in 5% C0~2~.

U87S cells were harvested and dissociated. Cells were divided into four groups for RNA-seq, and treated with (1) DMSO (U87S-Cont), (2) 500 μM TMZ (U87S-TMZ) (3) 20 ng/ml BMP2 (U87S-BMP2) and (4) combined 20 ng/ml BMP2 with 500 μM TMZ (U87S-BMP2-TMZ) respectively for 24 h. TMZ (Sigma, USA) was dissolved in DMSO to create a 100 mM stock solution and stored at −20 °C before using. The final concentration of DMSO was 0.5% in both the control and the treated groups and did not exert any detectable effect on cell growth or cell death. BMP2 (Invitrogen, USA) was dissolved in aqua sterilisata. LDN 193189 (Sigma, USA), the BMP type I receptor inhibitor, was dissolved in aqua sterilisata. 200 nM LDN 193189 was used to inhibit the BMP signaling in U87S cells.

Flow cytometry and immunocytochemistry {#sec2.2}
--------------------------------------

U87S cells were harvested and dissociated into single cell suspension, then stained with PE-CD133 (Affymetrix Inc, USA) at 37 °C for 30 min. FACSVantage flow cytometer (BD Biosciences, USA) was used to monitor the percentage of CD133+ cells. For immunocytochemistry, cells were fixed with 4% paraformaldehyde for 15 min at room temperature. After the wash with PBT (0.1% Triton X-100 in 1X PBS), cells were treated with PBT containing 10% goat serum for 30 min at room temperature. The primary antibodies used were mouse-anti-CD133 (diluted 1:150, BOSTER, China), mouse-anti-GFAP (diluted 1:100, Absin, China) mouse-anti-tubulin 3 (diluted 1:200, Proteintech, China). Secondary antibodies were conjugated to dylight 488 (diluted 1:200, BOSTER, China). All primary antibodies were diluted in PBT and incubated with cells at 4 °C overnight. Secondary antibodies were typically incubated with cells for 2 h at room temperature.

Cell viability assay {#sec2.3}
--------------------

Cells were seeded at 2--5 × 10^4^ cells per well in a 96 multiwell plate. For detecting the IC50 of TMZ in U87S, a series of increased concentration of TMZ (0, 100, 200, 400, 600, 800, 1000, 2000 and 4000 μM) with or without BMP2 (20 ng/ml) were added to 100 ul U87S cell suspension for 24 h. And then 10ul Cell Counting Kit-8 (CCK-8, Kumamoto, Japan) was added in each well. After incubation in the dark for 3 h at 37 °C in 5% C0~2~, the absorbance at 450 nm was measured by fluorescence spectrofluorometer (F-7000; Hitachi HighTechnologies Corp, Tokyo, Japan). The IC~50~ value was calculated using SPSS 20.0 software (IBM, Armonk, NY, USA). For detecting effects of *hsa-miR-199a-3p* on U87S cell viability, cells were first transfected with RNA oligos (1 pmol) for 36 h, then treated with 500 μM TMZ with or without BMP2(20 ng/ml)/LDN193189 (200 nM) for additional 24 h followed by the subsequent CCK-8 assay.

RNA isolation and RNA-seq analysis {#sec2.4}
----------------------------------

Total RNA was isolated for four groups (U87S-Cont, U87S-TMZ, U87S-BMP2, and U87S-BMP2-TMZ). Three duplicates were for each treated group. Total RNA was extracted using Trizol Reagent (Invitrogen/Thermo Fisher Scientific, USA) according to the manufacturer\'s protocol. PAGE electrophoresis gel was utilized to separate the 18--30 nt RNA from total RNA. Single-strand DNA connectors, which were 5-adenylated and 3-blocked, were connected to the 3 'end of middle RNA. RT primers were added to the system to hybridize with the 3′ connector attached to the RNA and the excess free 3′ connector. To the 5′ end of the product, a primer was added for reverse transcription extension to synthesize a strand of cDNA. Then high-sensitivity polymerase was utilized to amplify cDNA and enrich cDNA with 3′ and 5′ junctions at the same time to enlarge the library yield. PAGE electrophoresis was utilized to separate PCR products in the range of 100--120 bp and removed primers, dimmers, and other by-products. Then conducted quantitative pooling and ring is pooling for the library. RNA-seq library preparation and sequencing were performed by BGI-tech (Beijing, China) using BGISE-500 for miRNA.[@bib30], [@bib31]

The expression of genes was calculated by TPM (TPM = C\*10ˆ6/N)[@bib32] for miRNA. MA-plot[@bib33] was used to calculate the differentially expressed miRNA in three treated groups compared with U87S-cont. An absolute value of log~2~ (treatment/control) greater than 1 and Q value (adjust p-value) less than 0.001 was considered to be differentially expressed. Then RNAhybrid,[@bib34] miRanda[@bib35] and TargetScan[@bib36] were used to predict the target genes of miRNAs.

qRT-PCR {#sec2.5}
-------

To detect expression levels of miRNAs, total small RNAs were extracted using the miRcute miRNA isolation kit (Tiangen, China) according to the manufacturer\'s instruction. The reverse-transcribed complementary DNA was synthesized with miRcute Plus miRNA First-Stand cDNA Synthesis kit (Tiangen, China). Quantitative real-time polymerase chain reactions (qRT-PCR) were performed with miRcute Plus miRNA qPCR Detection Kit (SYBR Green) (Tiangen, China). RT-PCR was performed with the CFX96 touch deep well real-time PCR detection system (Bio-Rad, Hercules, California, USA). The PCR conditions started at an initial denaturation cycle (15 min at 95 °C) followed by 44 cycles of denaturation (20 s at 94 °C) and annealing/elongation (34 s at 65 °C). A melting curve analysis was conducted for each RT-PCR. The expression levels of miRNA were normalized to the internal control U6. The data were analyzed by the 2 (^--△△Ct^) method. All experiments were performed in triplicate. The primers used for miRNA detection are listed in [Table S1](#appsec1){ref-type="sec"}.

For detecting expression levels of protein-coding genes, total RNA was extracted using Trizol according to the manufacturer\'s protocol. The cDNA of mRNA was reverse transcribed with the Primer Script 1st Strand cDNA Synthesis Kit (TaKaRa, Japan) according to the manufacturer\'s instructions. And qRT-PCR amplification was performed with the SYBR green method (Takara, Japan). RT-PCR was performed with the CFX96 touch deep well real-time PCR detection system (Bio-Rad, Hercules, California, USA). The PCR conditions started at an initial denaturation cycle (30 s at 95 °C) followed by 39 cycles of denaturation (5 s at 95 °C), annealing (30 s at 65 °C), and elongation (60 s at 72 °C). A melting curve analysis was conducted for each RT-PCR. The expression levels of mRNA were normalized to the internal control GAPDH (glyceraldehyde 3-phosphate dehydrogenase). The data were analyzed by the 2 (^--△△Ct^) method. All experiments were performed in triplicate. The primers used for miRNA detection are listed in [Table S1](#appsec1){ref-type="sec"}.

Transfection of miRNAs {#sec2.6}
----------------------

The *hsa-miR-199a-3p* mimics, *hsa-miR-199a-3p* inhibitor and their corresponding negative control (miR-NC and anti-NC) were the FAM modified 2-OMe-oligonucleotides, synthesized and purified using high-performance liquid chromatography at GenePharma (Shanghai, China). The sequences of the oligo sets are listed in [Table S2](#appsec1){ref-type="sec"}. Cells were plated in the 96-well plate and transfected with 1 pmol oligos per well with lipofectamine RNAimax (Invitrogen Life Technologies, USA) according to the manufacturer\'s instructions. At 36 h post-transfection, the cells were harvested for cell viability assays.

Differential expression gene query and survival analysis {#sec2.7}
--------------------------------------------------------

The Glioblastoma Bio Discovery Portal (GBM-BioDP)[@bib37] is a free web-accessible resource (<https://gbm-biodp.nci.nih.gov/>) for accessing and displaying miRNAs differentially expressed within the subtypes of glioblastoma multiform (GBM) and potentially associated with clinical outcome of The Cancer Genome Atlas (TCGA) data.

UALCAN (<http://ualcan.path.uab.edu/>)[@bib38] is an interactive web-portal for performing in-depth analyses of TCGA gene expression data. We used it to analyze the relative expression of five target genes of *hsa-miR-199a-3p* (CITED2, ANGPTL2, AGAP3, SLC22A18, and TXNIP) across 156 tumors and 5 normal samples, and to estimate the relationship between gene expression level and patient survival ratio.

Expression microarray data of GBM patient tumor samples and healthy brain tissues in GSE90603 were downloaded from the GEO dataset. Then miRNA expression pattern was analyzed by GEO2R. miRNAs were thought to be differentially expressed when the absolute value of log~2~ (tumor/normal) greater than 1 and adjusted p \< 0.05.

GO and KEGG analysis {#sec2.8}
--------------------

To perform Gene ontology (GO) analysis, all genes were first mapped to GO-terms in the database (<http://www.geneontology.org/>), which calculates the gene numbers for every term. The hyper geometric test was then used to find significantly enriched GO-terms in the input gene list. This test was based on GO: TermFinder (<http://www.yeastgenome.org/help/analyze/go-term-finder>). The P-value is corrected by using the Bonferroni method, a corrected P-value ≤ 0.05 is taken as a threshold. GO terms fulfilling this condition were defined as significantly enriched GO terms.

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was used to perform pathway enrichment analysis. This analysis identified significantly enriched metabolic pathways or signal transduction pathways in differential expression target genes when compared with the whole genome background.[@bib39]

CeRNA network construction {#sec2.9}
--------------------------

The miRanda and TargetScan were used to identify ceRNAs (including protein-coding messenger RNAs and long non-coding RNAs), containing microRNA response elements (MREs). Then, ceRNAs which were significantly differentially expressed in our RNA-seq data were selected to predict the global interactions with *hsa-miR-199a-3p*.

Statistic analysis {#sec2.10}
------------------

SPSS version 17.0 software was used to carry out all statistical analyses. Data were presented as means ± SD (n ≥ 3). Differences between the means of the treatment and control groups were analyzed using a two-tailed Student\'s t-test. P value ≤ 0.05 was considered statistically significant.

Results {#sec3}
=======

Identification of U87S GSCs derived from U87MG {#sec3.1}
----------------------------------------------

To get glioblastoma stem-like cells, we enriched GSCs from human glioblastoma U87MG cells culturing in the serum-free neurosphere culture medium. After 10--14 days, spheres were formed, at a size of approximately 50--100 μM ([Fig. 1](#fig1){ref-type="fig"}A), showing the ability of self-renewal. Immunostaining revealed that these spheres were positive for stemness marker CD133 (Prominin-1) ([Fig. 1](#fig1){ref-type="fig"}A). Flow cytometry analysis showed the percentage of CD133+ positive cells in U87S spheres was up to 89.34% compared to 1.28% in U87MG ([Fig. 1](#fig1){ref-type="fig"}B). CD133+ cells were further sorted through fluorescence activated cell sorting, and then named as U87S. To examine the multipotential differentiation capacity of U87S cells, U87S cells were dissociated and seeded into the differentiation medium containing 2% FBS for 10 days. More than 90.0% cells were flat with short processes, positively immunostained for the astroglial marker, GFAP (Glial fibrillary acidic protein), and fewer cells, about 3.0%, were flat with elongated bipolar or tripolar processes, positively immunostained for the neuronal marker, β tubulin-Ⅲ ([Fig. 1](#fig1){ref-type="fig"}C). Our results demonstrated that U87S cells have multidirectional differentiation capacity.Figure 1Characterization of U87S GSCs derived from U87MG. (**A**) Morphologies of U87MG vs. U87S cells. Most of the adherent growth U87MG cells are showing astrocyte-like morphology, flat cell body with short processes. The U87S cells are cultured in the serum-free neurosphere culture medium. Spheres are at the size of approximately 50--100 μM, showing positive immunofluorescence staining of stemness marker CD133 (Prominin-1) (green). (**B**) Flow cytometry analysis shows the percentage of CD133+ positive cells in U87S spheres was up to 89.34%, compared to 1.28% in U87MG. (**C**) U87S cells possess a multipotential differentiation capacity. U87S cells were dissociated and seeded into the differentiation medium containing 2% FBS for 10 days. Representative immunofluorescence staining for the astroglial marker, GFAP, and the neuronal marker, β tubulin-Ⅲ (TUBB3) respectively. Scale bar in A is 100 μM, scale bare in C is 50 μM.Figure 1

BMP sensitizes U87S cells to temozolomide {#sec3.2}
-----------------------------------------

To use U87S as a model to screen miRNAs associated with BMP signaling and related to the chemotherapeutic agent TMZ, first, we tested the effect of TMZ on U87S cells. For calculating IC50 of TMZ, cells were treated with a gradient concentration of TMZ. Cell viability was monitored by CCK-8 assay. We observed that TMZ-induced U87S cell death in a dose-dependent manner ([Fig. 2](#fig2){ref-type="fig"}A). Based on the data of the cell viability, IC50 of TMZ in U87S was 725 μM ([Fig. 2](#fig2){ref-type="fig"}A), significantly higher than the ones in U87 MG (glioblastoma cells, 479 μM) and HA (astrocytes, 275 μM). Our results demonstrated that glioblastoma stem-like cells are more resistant to TMZ compared to GBM cells and normal astrocytes, consistent with others' reports.[@bib40], [@bib41] Furthermore, we studied the effect of BMP signaling on the chemosensitivity of U87S to TMZ. BMP2 (20 ng/ml) was utilized to activate BMP signaling and LDN 193189 (200 nM), the BMP type I receptor inhibitor,[@bib42] was used to inhibit endogenous BMP signaling, respectively. The expression levels of intracellular BMP signaling effectors, SMAD1 and SMAD5, and transcriptional targets of BMP signaling, SMAD6 and ID1 (inhibitor of DNA binding 1), were examined to confirm the change of BMP signaling. Addition of recombinant 20 ng/ml BMP2 (0 μM TMZ) or 200 nM LDN 193189 (0 μM TMZ) caused significant change on the expression levels of these intracellular BMP signaling effectors ([Fig. 2](#fig2){ref-type="fig"}C, fold change \>2 compared to untreated control, *p* \< 0.05), but did not show marked change on U87S cell viability ([Fig. 2](#fig2){ref-type="fig"}B, 0 μM TMZ). However, when U87S cells were exposed to TMZ, co-treatment of BMP2 markedly reduced the cell viability, while co-treatment of LDN 193189 significantly increased the cell viability ([Fig. 2](#fig2){ref-type="fig"}B, *p \<* 0.05). Our result demonstrated that the activation of BMP signaling can sensitize U87S cells to TMZ, suggesting that U87S is an ideal GSC cell model for screening intracellular miRNA signatures associated with BMP and TMZ.Figure 2BMP2 sensitizes U87S cells to temozolomide. (**A**) Cytotoxic effect of TMZ on U87S cells. U87S cells were treated with TMZ at assigned concentrations (0--4000 μM) for 24 h. Cell viability was measured by CCK-8 assay. IC50 of TMZ is 725 μM, 479 μM, and 275 μM in U87S, U87MG, and HA. The data are given as the means ± SD of three replicates. (**B)** BMP2 sensitizes U87S cells to TMZ. U87S cells were treated with a series of TMZ (0--1000 μM) alone (black curve), together with 20 ng/ml recombinant BMP2 (red curve) or 200 nM LDN 193189. Cell viability was measured by CCK-8 assay. The data are given as the means ± SD of three replicates. (**C**) BMP signaling pathway is active in U87S cells. mRNA expression levels of intracellular BMP signaling effectors, SMAD1 and SMAD5, and transcriptional targets of BMP signaling, SMAD6, and ID1 by qRT-PCR. Data is normalized vs. endogenous control: GAPDH. Results are shown in relative expression and data are means ± SD from three independent experiments. \**p* \< 0.05, and \*\**p* \< 0.01.Figure 2

Differentially expressed miRNAs and functional analysis {#sec3.3}
-------------------------------------------------------

In order to identify miRNA profiles associated with BMP and TMZ in GSC cells, we treated U87S cells with BMP2 (20 ng/ml), TMZ (500 μM), or combination of BMP2 and TMZ respectively, and performed transcriptome sequencing to profile differentially expressed (DE) miRNA in these three treated groups (U87S-BMP2, U87S-TMZ, and U87S-BMP2-TMZ). We selected significant DE miRNAs with a log2 (ratio) of more than or equal to 1.0 or less than or equal to −0.5, and a Q (adjusted p-value) \< 0.001. In total, there were 184 miRNAs (106 up-regulated, 78 down-regulated) significantly deregulated in U87S-TMZ compared with untreated U87S ([Table S3](#appsec1){ref-type="sec"}), 95 differentially expressed miRNAs (58 up-regulated, 37 down-regulated) in U87S-BMP2 compared with U87S ([Table S4](#appsec1){ref-type="sec"}), and 162 miRNAs (83 up-regulated, 79 down-regulated) significantly expressed in U87S-BMP2-TMZ compared with U87S ([Table S5](#appsec1){ref-type="sec"}). Hierarchical clustering showed that most of these DE miRNAs had similar expression patterns in three treated groups ([Fig. 3](#fig3){ref-type="fig"}A). Among these DE miRNAs, 94 miRNAs were differentially expressed both in U87S-TMZ and U87S-BMP2-TMZ, 69 miRNAs were differentially expressed both in U87S-BMP2 and U87S-BMP2-TMZ, and 39 miRNAs were differentially expressed in all three treated groups ([Fig. 3](#fig3){ref-type="fig"}B).Figure 3Differentially expressed miRNAs by RNA-seq. (**A**) Heatmap of hierarchical clustering analysis of differentially expressed miRNAs in three treated groups (U87S-BMP, U87S-TMZ, and U87S-BMP-TMZ), (fold change \> 2, compared to untreated U87S respectively, FDR (false-discovery rate) \< 0.001). Red color represents up-regulated miRNAs and blue color represents down-regulated miRNAs. Expression data are represented as log2 fold change versus U87S for each group. (B) Venn diagram reports the differentially expressed miRNAs in three treated groups, U87S-BMP, U87S-TMZ, and U87S-BMP-TMZ. (**C-E**) Functional enrichment analysis of putative target genes of DE miRNAs by GO. The ar chart represents the classification of GO Biological Processes, Cellular Component or Molecular Function. Bars represent the number of genes in the specified category, organized by p-value. (**F--H**) The top 20 enriched signaling pathways for putative target genes of DE miRNAs by KEGG. Enriched pathways are selected based on the enrichment factor value with the number of genes in a pathway ≥4. The blue color from dark to light represents the Q value. The size of the dots represents the gene number in each pathway.Figure 3

Further, to understand the potential functions of these DE miRNAs, we predicted the target genes for these DE miRNAs with three commonly used algorithms, TargetScan, miRanda, and RNAhybrid. In total, 48957 putative mRNA targets for 184 DE miRNAs in U87S-TMZ, 39850 mRNAs for 95 DE miRNAs in U87S-BMP2 and 48038 mRNAs for 162 DE miRNAs in U87S-BMP2-TMZ were detected. Gene Ontology (GO) and KEGG analysis were performed to identify biological processes and pathways associated with these target genes ([Fig. 3](#fig3){ref-type="fig"}C--H). All three treated groups showed similar patterns for GO classification ([Fig. 3](#fig3){ref-type="fig"}C--E). Target mRNAs of DE miRNAs were mainly involved in the biological processes, such as cellular process, metabolic process, biological regulation, response to stimulus, and regulation of biological process. The molecular function of these target mRNAs was mainly related to binding. And KEGG enrichment pathway analysis ([Fig. 3](#fig3){ref-type="fig"}F--H) revealed that, most target mRNAs of DE miRNAs in all three treated groups were enriched in proteoglycans in the cancer signaling pathway. In addition, target genes of DE miRNAs in the BMP2-treated group were also enriched in glioma-related pathways, such as P13K-Akt (phosphatidylinositol-3 kinases/the protein kinase B) signaling pathway, MAPK (Mitogen-Activated Protein Kinase) signaling pathway and Rap1 signaling pathway. Together, our data indicate that miRNAs may play critical roles in the process of BMP2-mediated TMZ sensitivity in U87S.

Validation of differentially expressed miRNAs {#sec3.4}
---------------------------------------------

To confirm the miRNA-sequencing results, we used qRT-PCR to assess the expression of eight miRNAs at transcriptional level ([Table 1](#tbl1){ref-type="table"} and [Fig. 4](#fig4){ref-type="fig"}A). Two DE miRNAs (*hsa-miR-199a-3p* and *hsa-miR-33a-5p*) were up-regulated both in U87S-BMP2 and U87S-BMP2-TMZ, but not in U87S-TMZ, representing miRNAs under regulation of BMP2, but not changed by TMZ. Two miRNAs (up-regulated *hsa-miR-409-3p* and down-regulated *hsa-miR-374b-5p*) were differentially expressed both in U87S-TMZ and U87S-BMP2-TMZ, but not in U87S-BMP2, representing miRNAs deregulated by TMZ, but not by BMP2. Three DE miRNAs (up-regulated *hsa-miR-27a-5p* and *hsa-miR-376b-5p*, down-regulated *has-miR-320d*) were deregulated in U87S-BMP2, U87S-TMZ, and U87S-BMP2-TMZ, representing miRNAs regulated by both BMP2 and TMZ. *hsa-miR-339-5p* was up-regulated in U87S-TMZ, but down-regulated in U87S-BMP2 and U87S-BMP2-TMZ, indicating that BMP2 can counteract TMZ\'s effect on the expression of *hsa-miR-339-5p*. Our qRT-PCR results were consistent with the sequencing data, suggesting that miRNA signatures identified by our miRNA sequencing are reliable.Table 1List of Differentially expressed miRNAs by RNA-seq.Table 1miRNAU87S-BMP2\
Log~2~ (FC)*p-* ValueU87S-TMZ\
Log~2~ (FC)*p-* ValueU87S-BMP2-TMZ\
Log~2~ (FC)*p-* Value*hsa-miR-199a-3p*3.3960.000000.3870.203002.6800.00000*hsa-miR-33a-5p*1.8340.000000.7380.090362.5980.00000*hsa-miR-409-3p*0.7670.560001.7970.000001.7970.00000*hsa-miR-374b-5p*−0.6730.49800−1.8200.00000−3.8970.00000*hsa-miR-27b-5p*3.1310.000003.8710.000003.1720.00000*hsa-miR-376b-5p*1.7470.000001.1850.000021.9520.00000*hsa-miR-320d*−1.8810.00000−1.3510.00000−4.0160.00000*hsa-miR-339-5p*−2.3210.000001.2980.00000−2.8420.00000[^2]Figure 4Validation of 8 differentially expressed miRNAs and GO and KEGG analysis. (**A**) qRT-PCR was performed to assess relative miRNA expression of *hsa-miR-199a-3p*, *hsa-miR-33a-5p*, *hsa-miR-409-3p*, *hsa-miR-374b-5p*, *hsa-miR-27a-5p*, *hsa-miR-376b-5p*, and *has-miR-320d*. Data are presented as mean ± SD from three independent experiments. \**p* \< 0.05 compared with untreated group, and \*\**p* \< 0.01 compared with the untreated group. (**B**) Functional enrichment analysis of putative 7379 targets genes of 8 validated miRNAs by GO. The bar chart represents the classification of GO Biological Processes, Cellular Component or Molecular Function. Bars represent the number of genes in the specified category, organized by p-value. (**C**) The top 20 enriched signaling pathways for putative target genes of 8 validated miRNAs by KEGG. Enriched pathways are selected based on the enrichment factor value with the number of genes in a pathway ≥4. The blue color from dark to light represents the Q value. The size of the dots represents the gene number in each pathway.Figure 4

Further, to understand the potential functions of these eight validated miRNAs, we predicted the target genes for these eight miRNAs. In total, 7379 mRNAs were predicted to be targets of these eight miRNAs. Gene Ontology (GO) analysis was performed to identify biological processes associated with the miRNA target genes. The primarily enriched biological processes included cellular process, metabolic process, biological regulation and response to stimulus. The most enriched molecular functions of these target genes included binding, catalytic activity and molecular transducer activity ([Fig. 4](#fig4){ref-type="fig"}B). KEGG pathway analysis revealed that most of these miRNA targets were enriched in the PI3K-Akt signaling pathway ([Fig. 4](#fig4){ref-type="fig"}C), a well-known glioma-related pathway, suggesting the important roles of these eight miRNAs in gliomagenesis.

*hsa-miR-199a-3p* is associated with the survival of GBM patients {#sec3.5}
-----------------------------------------------------------------

To explore the importance of these 8 validated miRNAs in GBM, we analyzed their expression levels between 7 wild-type brain tissues and 16 GBM tumor tissues in GSE datasets (GSE90603). 4 out of 8 miRNAs (*has-miR-199a-3p*, *hsa-miR-374b-5p*, *hsa-miR-320d*, and *hsa-miR-339-5p*) were found markedly up-regulated in GBM tumor tissues (fold change ≥ 2, *p \<* 0.05) ([Fig. 5](#fig5){ref-type="fig"}A).Figure 5Clinic relevance of 8 validated miRNAs. **(A**) Heatmap of 8 validated miRNAs expression patterns in 7 normal brain tissues and 16 GBM patient tissues from GEO data. The color from blue to red represents the gene count number. *has-miR-320d*, *has-miR-339-5p*, *has-374b-5p* and *has-miR-199a-3p* were up-regulated in GBM tumors (fold change ≥ 2, *p \<* 0.05). **(B**) Boxplot of the *hsa-199a-3p*and *has-miR-409-3p* expression distribution in four subtypes of GBM of 196 TCGA patients. *hsa-miR-199a-3p* shows significantly elevated expression in M subtype of GBM patients (p = 0.001). *has-miR-409-3p* does not show a significant difference among subtypes of GBM. (**C**) Heatmap of *hsa-miR-199a-3p* and *hsa-miR-409-3p* expression in four subtypes of GBM patients. *hsa-miR-199a-3p* and *hsa-miR-409-3p* have distinct expression patterns in GBM subtypes. (**D**) The relevance of *has-miR199a-3p* expression to the survival time of GBM patients in four subtypes by Kaplan-Meier analysis. Higher expression of *hsa-miR-199a-3p* in C subtype (p = 0.02) and M subtype (p = 0.029) is associated with better survival outcome. (**E**) The relevance of *hsa-miR-409-3p* expression to the survival time of GBM patients in four subtypes by Kaplan-Meier analysis. The expression level of *hsa-miR-409-3p* in each GBM subtype is not significantly associated with the survival time of patients. (**F**) Survival analysis with expressions of *hsa-199a-3p* and *hsa-miR-409-3p* both considered. P subtype patients with lower than the median level of *hsa-miR-199a-3p* and *hsa-miR-409-3p* have a longer survival time than those with the upper level than the median (p = 0.005).Figure 5

GBM can be divided into different subtypes, including classical (C), mesenchymal (M), proneural (P), and neural (N) according to the transcriptomic classification.[@bib43] miRNAs have been known to be differentially expressed in different subtypes of glioblastoma, and associated with survival of GBM patients.[@bib44], [@bib45] To further explore the potential importance of 8 validated miRNAs in GBM, we queried the miRNAs expression in subtypes of GBM from TCGA dataset with GBM-BioDP,[@bib37] and got results for two validated miRNAs, *hsa-miR-199a-3p* and *hsa-miR-409-3p*. These two miRNAs had different expression patterns between subtypes of GBM in 196 TCGA patients ([Fig. 5](#fig5){ref-type="fig"}B and C). *hsa-miR-199a-3p* showed significantly elevated expression in M subtype of GBM patients (p = 0.001), while *hsa-miR-409-3p* did not show a significant difference of expression between GBM subtypes. When the expression level of a single miRNA was considered, Kaplan-Meier survival rate analysis confirmed that higher expression of *hsa-miR-199a-3p* in C (p = 0.02) and M subtypes (p = 0.029) was associated with better survival outcome ([Fig. 5](#fig5){ref-type="fig"}D). The expression level of *hsa-miR-199a-3p* in P subtype patients did not show a significant effect on the survival time. While the expression level of another miRNA, *hsa-miR-409-3p* in each GBM subtype was not significantly associated with the survival time of patients ([Fig. 5](#fig5){ref-type="fig"}E). However, interestingly, when the expression levels of *hsa-miR-409-3p* and *hsa-miR-199a-3p* were both considered ([Fig. 5](#fig5){ref-type="fig"}F), survival outcome of P subtype patients was changed. P subtype patients with lower than the median level of these two miRNAs had significantly longer survival time than those with a higher level than the median ([Fig. 5](#fig5){ref-type="fig"}F, p = 0.005).

*hsa-miR-199a-3p* inhibits cell viability and sensitizes U87S to TMZ {#sec3.6}
--------------------------------------------------------------------

Furthermore, to explore the role of *hsa-miR-199a-3p* in gliomagenesis, we evaluated the endogenous expression level of *hsa-miR-199a-3p* in three cell lines, HA (astrocytes), U87MG (glioblastoma cells) and U87S (glioblastoma stem-like cells), and found that *hsa-miR-199a-3p* was expressed in all three cell lines, albeit at different levels. U87S cells had a significantly low level of *hsa-miR-199a-3p* expression compared to HA and U87MG ([Fig. 6](#fig6){ref-type="fig"}A, *p \<* 0.05), indicating that *hsa-miR-199a-3p* expression is induced during differentiation. Next, we looked into the effect of *hsa-miR-199a-3p* on cell viability. Overexpression of *hsa-miR-199a-3p* in U87S cells caused a significant decrease of cell viability compared to the negative control (NC), both in TMZ- and TMZ + group ([Fig. 6](#fig6){ref-type="fig"}B, *p \<* 0.05), indicating that *hsa-miR-199a-3p* can inhibit cell viability and enhance TMZ-mediated cytotoxicity.Figure 6*hsa-miR-199a-3p* inhibits the proliferation and enhances TMZ chemosensitivity in U87S cells. **(A)** Detection of endogenous *hsa-miR-199a-3p* levels in HA, U87 MG, and U87S cells by RT-PCR. Data are presented as mean ± SD from three independent experiments. \**p \<* 0.05 compared with HA. **(B)** The effect of *hsa-miR-199a-3p* on the proliferation and TMZ chemosensitivity in U87S. Cell viability was measured by CCK-8 assay in the U87S cells transfected with the *hsa-miR-199a-3p* mimics, *hsa-miR-199a-3p* inhibitor, or their corresponding negative control (miR-NC and anti-NC) with or without TMZ treatment respectively. Data are presented as mean ± SD from three independent experiments. \**p \<* 0.05 compared to the NC group. (**C**) BMP activation boosts the inhibitory effect of *hsa-miR-199a-3p* on cell proliferation. Cell viability was measured by CCK-8 assay in the U87S cells transfected with the *hsa-miR-199a-3p* mimics, *hsa-miR-199a-3p* inhibitor or their corresponding negative control (miR-NC and anti-NC) with the endogenous BMP signaling (WT, black bars), activation of BMP signaling (BMP2, red bars), and inhibition of BMP signaling (LDN 193189, blue bars) respectively. Data are presented as mean ± SD from three independent experiments. \*\**p* \< 0.001, \**p* \< 0.05 compared to NC group. (**D**) *hsa-miR-199a-3p* and BMP sensitize TMZ chemosensitivity in an additive way. The U87S cells were transfected with the *hsa-miR-199a-3p* mimics, *hsa-miR-199a-3p* inhibitor or their corresponding negative control (miR-NC and anti-NC) with the endogenous BMP signaling (WT, black bars), activation of BMP signaling (BMP2, red bars), and inhibition of BMP signaling (LDN 193189, blue bars) respectively. 500 μM TMZ was used to treat cells for 24 h. Cell viability was measured with CCK-8 assay. Data are presented as mean ± SD from three independent experiments. \**p* \< 0.05 compared to NC group.Figure 6

Our previous results showed that BMP can sensitize U87S to TMZ, and up-regulate the expression of *hsa-miR-199a-3p*. Therefore we investigated whether BMP signaling affects the function of *hsa-miR-199a-3p* on cell viability. BMP2 (20 ng/ml) and LDN 193189 (200 nM) were utilized to activate and inhibit BMP signaling respectively as before. By checking cell viability, we observed that overexpression of *hsa-miR-199a-3p* with BMP2 treatment resulted in a significant decrease of cell viability compared with BMP2 treatment alone, and a mild but statistically significant decrease of cell viability compared with the one overexpressing *hsa-miR-199a-3p* without BMP activation ([Fig. 6](#fig6){ref-type="fig"}C, *p \<* 0.05). Results indicated that BMP can boost *hsa-miR-199a-3p-*mediated cell viability inhibition in U87S cells. Next, we explored whether *hsa-miR-199a-3p* could affect BMP-mediated TMZ cytotoxicity in U87S cells. When U87S cells were exposed to 500 μM TMZ for 24 h s, co-treatment of BMP2 markedly reduced cell viability, and overexpression of *hsa-miR-199a-3p* mimics together with BMP2 treatment caused a further decrease of cell viability ([Fig. 6](#fig6){ref-type="fig"}D, *p \<* 0.05). On the opposite, knockdown the endogenous *hsa-miR-199a-3p* together with BMP2 treatment partially increased cell viability ([Fig. 6](#fig6){ref-type="fig"}D, *p \<* 0.05). Our results indicated that BMP and *hsa-miR-199a-3p* are working in an additive way to enhance TMZ-mediated cytotoxicity.

Putative targets of *hsa-miR-199a-3p* and clinic relevance {#sec3.7}
----------------------------------------------------------

To better understand functions of *hsa-miR-199a-3p*, we predicted its targets and narrow down the target number to 1000 based on the differentially expressed mRNAs from our RNA sequencing data (unpublished). Among 1000 putative *hsa-miR-199a-3p* targets, GO analysis revealed that most target genes were enriched in the cellular process, metabolic process and biologic regulation ([Fig. 7](#fig7){ref-type="fig"}A). KEGG pathway analysis showed that the majority of *hsa-miR-199a-3p* targets were in the Rap1 signaling pathway ([Fig. 7](#fig7){ref-type="fig"}B). Next, we selected 5 putative targets of *hsa-miR-199a-3p* (AGAP3, TXNIP, SLC22A18, ANGPTL2 and CITED2), which were significantly down-regulated in BMP2 and BMP2-TMZ treated groups in our RNA-seq data (FPKM \> 2, fold change ≥ 2, *P \<* 0.05). qRT-PCR results showed expression patterns of these five genes were consistent with RNA-seq data, and in a negative correlation to *hsa-miR-199a-3p* ([Fig. 7](#fig7){ref-type="fig"}C), highly suggesting possible regulation between them. Furthermore, to explore the potential roles of these five genes in clinical, the expression patterns of these five genes in 156 TCGA GBM patients were queried ([Fig. 7](#fig7){ref-type="fig"}D). The results showed that AGAP3 was significantly down-regulated in GBM tumors ([Fig. 7](#fig7){ref-type="fig"}E, *p \<* 0.05), while TXNIP, SLC22A18, and ANGPTL2 were significantly up-regulated in GBM tumors ([Fig. 7](#fig7){ref-type="fig"}F--I, *p \<* 0.001), and the expression of CITED2 showed no significant difference between tumor and normal samples ([Fig. 7](#fig7){ref-type="fig"}H). Furthermore, the expression level of SLC22A18, which was significantly highly expressed in GBM tumors (*p \<* 0.001), was found connected to the survival outcome of GBM patients. GBM patients with a lower expression level of SLC22A18 showed significantly longer survival time than ones with a higher expression level of SLC22A18 ([Fig. 7](#fig7){ref-type="fig"}J).Figure 7Putative targets of *hsa-miR-199a-3p*. (**A**) Functional enrichment analysis of putative 1000 target genes of *hsa-199a-3p* by GO. The bar chart represents the classification of GO Biological Processes, Cellular Component or Molecular Function. Bars represent the number of genes in the specified category, organized by p-value. (**B**) The top 20 enriched signaling pathways for putative target genes of *hsa-199a-3p* by KEGG. Enriched pathways are selected based on the enrichment factor value with the number of genes in a pathway ≥4. The blue color from dark to light represents the Q value. The size of the dots represents the gene number in each pathway. (**C**) Heatmap shows expression patterns of has-miR-199a-3p and 5 of its predictive targets in RNA-seq and qRT-PCR (fold change \> 2 in the treated group compared to untreated U87S, p \< 0.005). A negative correlation of *hsa-miR-199a-3p* and these five putative targets are shown both in RNA-seq and qRT-PCR data. Data are presented as mean ± SD (n = 3). Red color represents up-regulated and blue color represents down-regulated. (**D**) Heatmap of expressions of AGAP3, TXNIP, SLC22A18, ANGPTL2 and CITED2 in 156 TCGA GBM patient samples compared to normal brain tissue. (**E**) Boxplot of the expression pattern of AGAP3. (**F**) Boxplot of the expression pattern of TXNIP. (**G**) Boxplot of the expression pattern of ANGPTL2. (**H**) Boxplot of the expression pattern of CITED2. (**I**) Boxplot of the expression pattern of SLC22A18. (**J**) Kaplan-Meier plot shows the association of SLC22A18 expression with patient survival. Lower expression of SLC22A18 than medium leads to longer survival time for patients.Figure 7

Construction of a *hsa-miR-199a-3p* mediated ceRNA network {#sec3.8}
----------------------------------------------------------

Competitive endogenous RNAs (ceRNAs) have been known to play a role in posttranscriptional regulation in cancer cells, including GBM.[@bib46] According to the ceRNA hypothesis, miRNAs are more likely to be a RNA bridge between non-coding RNAs and mRNAs. To systematically explore the influence of dynamic changes on gene expression by *hsa-miR-199a-3p* in glioblastoma stem-like cells, we constructed a *hsa-miR-199a-3p* mediated ceRNA network, integrating matched lncRNAs and mRNAs ([Fig. 8](#fig8){ref-type="fig"}). The *hsa-miR-199a-3p* mediated ceRNA network contained 189 mRNAs and 269 lnRNAs, which share common *hsa-miR-199a-3p* binding element, therefore can work as ceRNAs competing binding to *hsa-miR-199a-3p*. 5 putative targets of *hsa-miR-199a-3p* (AGAP3, TXNIP, SLC22A18, ANGPTL2 and CITED2) validated by qRT-PCR were marked in the network by blue circles. Based on the ceRNA network, long non-coding RNAs, NONHSAT152229.1 and NONHSAT149718.1 might compete with TXNIP for binding *hsa-miR-199a-3p*. NONHSAT212882.1 and NONHSAT253787.1 might compete with AGAP3 for binding *hsa-miR-199a-3p*. NONHSAT229594.1 likely competes with SLC22A18, and NONHSAT252752.1 likely competes with CITED2 for binding *hsa-miR-199a-3p*. Together, *hsa-miR-199a-3p* mediated ceRNA network shows a complicated post-transcriptional regulation for *hsa-miR-199a-3p*.Figure 8The *hsa-199a-3p*-mediated ceRNA network. The *hsa-miR-199a-3p* mediated ceRNA network contained 189 mRNAs and 269 lnRNAs, which share common *hsa-miR-199a-3p* binding elements, can work as ceRNAs competing binding to *hsa-miR-199a-3p*. 5 putative targets of *hsa-miR-199a-3p* (AGAP3, TXNIP, SLC22A18, ANGPTL2 and CITED2) validated by qRT-PCR were marked by blue circles.Figure 8

Discussion {#sec4}
==========

Glioblastoma multiform (GBM), WHO grade IV, is the most lethal tumor of the central nervous system in adults with poor prognosis.[@bib1], [@bib3] Glioblastoma stem-like cells (GSCs) in GBM are recognized for tumor-progression, treatment-resistant, and tumor recurrence.[@bib6], [@bib7], [@bib8] Therefore, a promising therapy for GBM is to target GSCs. Bone morphogenetic proteins (BMPs) are known to be strong inducers of astroglial differentiation in GSC cells both *in vitro* and *in vivo*,[@bib19], [@bib20] and BMPs can also render GSCs more susceptible to TMZ treatment.[@bib17], [@bib21] So, BMP-mediated differentiation therapy has been proposed as a promising strategy for GBM therapy. However, GSCs have evolved mechanisms to evade BMP induced differentiation.[@bib22] The study on the underlying intracellular molecular mechanisms in GSCs is needed to improve outcomes towards BMP induced differentiation therapy.

In this study, we aim to identify the miRNA signatures associated with BMP and TMZ in glioblastoma stem-like cells. For it, we built a GSC cell model called U87S and examined its stem-cell traits and TMZ chemosensitivity. Our results proved that U87S is an ideal cell model for screening miRNAs related to BMP and TMZ. By RNA sequencing, we identified BMP-mediated and TMZ-mediated DE miRNAs. Bioinformatics analysis revealed that these DE miRNAs have important roles in gliomagenesis. One of the enriched pathways is the PI3K-Akt pathway. The PI3K-Akt pathway is one of the most important intracellular pathways, which is frequently aberrantly activated in diverse cancers, including GBM. It is a well-known fact that PI3K-Akt pathway plays a pivotal role in tumorigenesis and resistance of chemoradiotherapy in GBM.[@bib47], [@bib48] The PI3K-Akt pathway can be activated by transmembrane tyrosine kinase growth factor receptors, such as EGFR (epidermal growth factor receptor), which is a well-known diagnostic and prognostic marker for GBM.[@bib49] EGFR signaling has been reported to function in the acquisition of GSC characteristics and angiogenesis by induction of ID3 (inhibitor of differentiation 3) and ID3-regulated cytokines through AKT-dependent activation of Smad5.[@bib50] So, the DE miRNAs identified in our study may not only function with BMP and TMZ, but also mediate the crosstalk of BMP signaling with other signal pathways in GSCs to regulate the progression of glioblastoma. Future study on the specific mechanism will be one of our interests.

One BMP-regulated miRNA, *hsa-miR-199a-3p*, from our screening, was differentially expressed in the mesenchymal (M) subtype of GBM. And its expression level was associated with survival outcome of patients. Further study showed that it was differentially expressed in U87S cells, and could inhibit cell viability and enhance TMZ-induced cell death, indicating its crucial role in gliomagenesis. The functions of *hsa-miR-199a-3p* in other cancers have also been reported.[@bib51], [@bib52], [@bib53], [@bib54] *hsa-miR-199a-3p* showed the ability to inhibit cell proliferation in several cancer cells, including hepatocellular carcinoma, breast cancer, esophageal cancer, and prostate cancer, suggesting it\'s pivotal roles in regulating cell proliferation. Qu, F et al have reported that *hsa-miR-199a-3p* inhibited cell proliferation by targeting Smad1, an intracellular signal transducer of BMP, in prostate cancer cells.[@bib52] In our study, we found that the activation of BMP signaling boosted the effect of *hsa-miR-199a-3p* on cell viability and TMZ-induced cell death. Further to find out whether BMP and *hsa-miR-199a-3p* function in a loop in GSC cells will be interesting.

GO and KEGG analysis with putative targets of *hsa-miR-199a-3p* revealed that they were primarily enriched in biological regulation and Rap1 pathway. Rap1, a Ras family GTPase, has been implicated in cancer cell proliferation and tumor cell growth.[@bib55] The knockdown of Rap1A in the Rap1 signaling pathway in U373MG glioblastoma cells caused inhibition of cell proliferation.[@bib55] Together with our finding, it is a reasonable guess that *hsa-miR-199a-3p*, up-regulated by BMP signaling in GSCs, might cause down-regulation of its targets in the Rap1 signaling pathway, therefore to inhibit cell proliferation of GSCs. The future study will be done to explore it.

In our study, we have analyzed five putative targets of *hsa-miR-199a-3p* (AGAP3, TXNIP, SLC22A18, ANGPTL2 and CITED2). Functional studied with them have been reported by others. CITED2, highly expressed in GBM by TCGA data, has been reported involved in the differentiation of GSCs.[@bib56] SLC22A18, highly expressed in GBM, is related to the chemosensitivity of glioma cells.[@bib57] ANGPTL2, up-regulated in GBM, is associated with the proliferation and invasion of glioma cells. The knockdown of ANGPTL2 caused an inhibitory effect of cell proliferation and invasion on glioma cells.[@bib58] Further study of how these genes precipitate in the process of BMP2-mediated TMZ chemosensitivity in GSCs will be worth doing.

Furthermore, in this study, we constructed *hsa-miR-199a-3p-*mediated ceRNA network (miRNA-mRNA-lncRNA). The network showed that the mRNA and lncRNA can work as ceRNAs competing binding to *hsa-miR-199a-3p*. When the time for functional study of *hsa-miR-199a-3p* involved in BMP-mediated TMZ chemosensitvity, a complicated post-transcriptional regulatory network should be taken in consideration.

Altogether, our results identified the miRNA signature regulated by BMPs and associated with TMZ in GSCs. Our findings may shed light to better understand intracellular mechanisms of BMP mediated TMZ chemosensitivity in GSCs, and may lead to finding out miRNA-based target therapies that specially target GSCs and improve outcomes towards BMP induced differentiation therapy for GBM.
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